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Abstract: We study combined leptoquark (LQ) single and pair production at LHC at
the level of detector simulation. A set of kinematical cuts to maximize significance for
combined signal events has been worked out.
It was shown that combination of signatures from LQ single and pair production not only
significantly increases the LHC reach, but also allows us to give the correct signal interpre-
tation. In particular, it was found that the LHC has potential to discover LQ with a mass
up to 1.2 TeV and 1.5 TeV for the case of scalar and vector LQ, respectively, and LQ single
production contributes about 30-50% to the total signal rate for LQ− l− q coupling, taken
equal to the electromagnetic coupling.
This work is based on an implementation of the most general form of scalar and vector LQ
interactions with quarks and gluons into CalcHEP/CompHEP packages. This implemen-
tation, which authors made publicly available, was one the most important aspects of the
study.
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1. Introduction
Boson fields mediating lepton-quark interactions naturally appear in various extensions of
the Standard Model which is known to be theoretically incomplete. Leptoquarks appear
in the framework of Grand Unified theories (GUT) where quarks and leptons are unified
in one matter multiplet [1], in the SUSY models with R-parity violation (in this case the
mediator of the lepton-quark interaction is a squark or a slepton), as well as in composite
models of leptons and quarks [2].
In general, boson fields give rise to violation of the baryon and lepton numbers (lead-
ing to fast proton decay) and flavor changing neutral current(FCNC) processes which
are strongly constrained by experiment. In principle, those bosons should be heavy (∼
MP lanck ∼ 1019 GeV) to suppress these unwelcome processes. On the other hand, fast
proton decay and FCNC problems can be avoided if the boson mass even is of the order
of the electroweak (EW) scale. In the case of leptoquarks (LQ), which exclusively induce
lepton-quark interactions, the problems above are solved: 1) the fast proton decay problem
is absent, since leptoquarks conserve the baryon and lepton numbers (in the case of squarks
mediating lepton-quarks interactions, in R-parity violating SUSY models, the proton decay
is preserved when only one, lepton or baryon number is conserved); 2) the FCNC prob-
lem is also absent under the assumption of flavor diagonal form of leptoquark-lepton-quark
(LQ− l − q) interactions.
Numerous experimental LQ searches at HERA (e.g. [3]) and at the Tevatron (for recent
results see, e.g. [4] and references therein) gave no positive results so far and provided only
limits on LQ masses and LQ couplings to leptons and quarks. Eventually, the CERN Large
Hadron Collider (LHC) will be able to extend significantly the reach for LQ masses and
couplings (see, e.g. [5, 6, 7, 8, 9]). In [10, 11] it was shown that Next-to-Leading-Order
(NLO) corrections to LQ pair production are positive and non-negligible ( up to 20% at the
Tevatron and up to 90% at the LHC) and lead to further extension of the collider reach
in LQ searches. Leptoquarks can be produced not only in pairs (from gluon splitting) but
also as a single particle in association with lepton [12, 13, 14]. In [15] authors noticed the
importance of the combination of LQ single and pair production analysis for the Tevatron
collider, which partially motivated the present study.
In this article, we perform a new detailed study of LQ production and decay at LHC.
There are several motivations for this work. Firstly, we stress the importance of the study
of combined LQ single and pair production, since both contribute to the same signature
at the detector simulation level. Therefore, combination of signatures from LQ single and
pair production not only significantly increases the LHC reach, but also allows us to give
the correct signal interpretation. Secondly, we study the complete set of LQ interactions
including scalar and vector LQ production and decay. Finally, one should stress that this
study is based on the implementation of the complete LQ model including the most general
form of scalar and vector LQ interactions with quarks and gauge bosons (including gluons)
into CalcHEP/CompHEP packages [21, 20]. This is one of the most important aspects of
this work. Such an implementation allowed us to study the effect of vector LQ interactions
with gluons via anomalous couplings of the most general form.
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This paper is organized as follows. In section 2, we describe the general effective
Lagrangian used in our study, as well as the implementation of this Lagrangian into the
CalcHEP/CompHEP software package. In section 3, we present signal rates for LQ single
and pair production at the LHC for the case of scalar and vector LQ. In section 4, we
perform an analysis of signal versus background at the detector level. Finally, in section 5,
we draw conclusions on LHC potential for leptoquarks search.
2. LQ model and its implementation into CalcHEP/CompHEP packages
2.1 The model
Following [16, 17], we use an effective Lagrangian with the most general dimensionless,
SU(3)× SU(2)×U(1) invariant couplings of scalar and vector leptoquarks to leptons and
quarks with lepton and baryon number conservation:
L = Lf|F |=0 + Lf|F |=2 + LV (2.1)
Lagrangian Lf|F |=0,2 describes Yukawa type interactions of LQ with leptons and quarks
(LQ − l − q), changing the fermion number F by 0 or 2, respectively, where F = 3B + L,
B is the baryon number and L is the lepton number. Lf|F |=0,2 conserves the baryon and
lepton numbers and has a flavor diagonal form:
Lf|F |=0 = (h2Lu¯RℓL + h2Rq¯Liτ2eR)R2 + h˜2Ld¯RℓLR˜2
+ (h1Lq¯LℓL + h1Rd¯Rγ
µeR)U1µ
+ h˜1Ru¯Rγ
µeRU˜1µ + h3Lq¯L~τγ
µℓL~U3µ + h.c., (2.2)
Lf|F |=2 = (g1Lq¯cLiτ2ℓL + g1Ru¯cReR)S1
+ g˜1Rd¯
c
ReRS˜1 + g3Lq¯
c
Liτ2~τℓL
~S3
+ (g2Ld¯
c
Rγ
µℓL + g2Rq¯
c
Lγ
µeR)V2µ
+ g˜2u¯
c
Rγ
µℓLV˜2µ + h.c. (2.3)
where τi are the Pauli matrices, qL and ℓL are SU(2)L quark and lepton doublets, re-
spectively and uR, dR, and eR are corresponding singlet fields; charged conjugated fields
are denoted by f c = Cf¯T . We follow the LQ classification from [17]. Table 1 summa-
rizes the complete set of scalar and vector LQ fields appearing in Eq. (2.2)-(2.3): S1, S˜1,
~S3, R2, R˜2, and V
µ
2 , V˜
µ
2 , U
µ
1 , U˜
µ
1 ,
~U3, respectively. Scalar (S1, S˜1, ~S3, R2, R˜2) and vector
(V µ2 , V˜
µ
2 , U
µ
1 , U˜
µ
1 ,
~U3) LQs have Yukawa-type couplings to quarks and leptons denoted by
(g1(L,R), g˜1R, g3L, h2(L,R), h˜2L) and (g2(L,R), g˜2R, h1(L,R), h˜1R, h3L) respectively, in Eq. (2.2)-
(2.3). Couplings appearing in the Feynman rules of LQ − q − l (LQ − q − ν) interactions
(which we denote by λL(lq), λR(lq) and λL(νq)) are trivial linear combinations of g, h, g˜, h˜
couplings presented in Table 1. The table also presents a notation for LQ names in the
model realized in CalcHEP/CompHEP packages which we describe below.
The LQ interactions with gauge bosons are described by LV , obey the SU(3)c×SU(2)×
U(1)Y Standard Model symmetry.
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CalcHEP/
LQ(Φ) Spin F Color T3 Qem λL(lq) λR(lq) λL(νq) CompHEP
notation(Φ/Φ)
S1 0 -2 3¯ 0 +1/3 g1L g1R −g1L S1 / s1
S˜1 0 -2 3¯ 0 +4/3 0 g˜1R 0 ST / st
+1 +4/3 −√2g3L 0 0 SP / sp
~S3 0 -2 3¯ 0 +1/3 −g3L 0 −g3L S0 / s0
−1 −2/3 0 0 √2g3L SM / sm
1/2 +5/3 h2L h2R 0 rp / RP
R2 0 0 3
−1/2 +2/3 0 −h2R h2L rm / RM
+1/2 +2/3 h˜2L 0 0 tp / TP
R˜2 0 0 3
−1/2 −1/3 0 0 h˜2L tm / TM
+1/2 +4/3 g2L g2R 0 VP / vp
V2µ 1 -2 3¯
−1/2 +1/3 0 g2R g2L VM / vm
+1/2 +1/3 g˜2L 0 0 WP / wp
V˜2µ 1 -2 3¯
−1/2 −2/3 0 0 g˜2L WM / wm
U1µ 1 0 3 0 +2/3 h1L h1R h1L u1 / U1
U˜1µ 1 0 3 0 +5/3 0 h˜1R 0 ut / UT
+1 +5/3
√
2h3L 0 0 up / UP
~U3µ 1 0 3 0 +2/3 −h3L 0 h3L u0 / U0
−1 −1/3 0 0 √2h3L um / UM
Table 1: Quantum numbers for the complete set of scalar and vector LQ fields appearing in
Eq. 2.2,2.3: S1, S˜1, ~S3, R2, R˜2, and V
µ
2
, V˜ µ
2
, Uµ
1
, U˜µ
1
, ~U3, respectively [17]. Also, LQ-lepton-
quark couplings [λL(lq), λR(lq) and λL(νq)] and notation for LQ names for the model realized in
CalcHEP/CompHEP are presented. The particle-antiparticle convention is defined as: ΦF=2 → lq
and ΦF=0 → lq¯.
The LQ − gluon interactions are described by the Lagrangian of the most general
form [18] for the scalar and vector LQ interactions, LgS and LgV , respectively:
LgS =
∑
scalars
[(
DµijΦ
j
)† (
Dikµ Φk
)
−M2SΦi†Φi
]
, (2.4)
LgV =
∑
vectors
{
−1
2
V i†µνV
µν
i +M
2
V Φ
i†
µΦ
µ
i − igs
[
(1− κG)Φi†µ taijΦjνGµνa +
λG
M2V
V i†σµt
a
ijV
jµ
ν Gνσa
]}
.
(2.5)
Here, gs denotes the strong coupling constant, ta are the generators of SU(3)c, MS(MV )
are the scalar(vector) leptoquark masses, while κG and λG are the anomalous couplings
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related to the anomalous magnetic and quadrupole moments of vector LQ [18]. Fields Φ
and Φµ represent scalar and vector leptoquarks, respectively. The field strength tensors of
the gluon and vector leptoquark fields are:
Gaµν = ∂µGaν − ∂νGaµ + gsfabcGµbGνc,
V iµν = D
ik
µ Φνk −Dikν Φµk, (2.6)
with the covariant derivative given by
Dijµ = ∂µδ
ij − igstija Gaµ. (2.7)
We omit here the analogous U(1)Y × SU(2) piece of gauge interactions since it is not
relevant for our study of LQ production at LHC, where (gauge boson – LQ) interactions are
eventually gluon dominant.
2.2 LQ color factorization and model implementation into CalcHEP/CompHEP
The appearance of vertex with 4 color particles can not be straightforwardly implemented
into CalcHEP/CompHEP packages. The idea is to split 4-color interactions into 3-color
vertices via the introduction of auxiliary ghosts fields.
It is well known that for Gq¯q and GGG QCD vertices their color structure is factoris-
able. For calculation of Feynman diagrams with such vertices, where color indexes can be
convolved separately, an elegant technique is presented in [19]. However, for 4G vertex
such a factorization is absent. To have color factorization in the case of 4G vertex one can
split this vertex into 3G vertex by means of the auxiliary tensor field Gtµν [20]. This field
should have the point-like propagator
< 0|T [Gtµ1ν1α1 (p1), Gtµ2ν2α2 (p2)]|0 >=
1
(2π)4i
δ(p1 + p2) δα1α2g
µ1µ2 gν1ν2 . (2.8)
and interact with gluons according to
SGtGG =
i g√
2
∫
fαβγGtα
µν(x)Gβµ(x)G
γ
ν (x)d
4x (2.9)
Graphically, it can be represented as
G1
G2
G3
G4
=
G1
G2
G3
G4
Gt +
G1
G2
G3
G4
Gt +
G1
G2
G3
G4
Gt
Figure 1: Splitting of a four-gluon vertex into three-gluon vertex.
This trick was successfully implemented in CompHEP/CalcHEP packages for QCD
Lagrangian. However in the case of the interaction of vector leptoquarks with gluon [18]
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one needs to develop this technique further and find a general prescription for splitting
of the arbitrary color structure. Such a prescription is described below. We consider
separately cases of real (e.g. gluon) and complex (e.g. leptoquark) vector fields.
In the case of a real vector field Φµ interacting with a gluon field Gµ, the Lagrangian
can be presented as
L = −1
4
|∂µΦν − ∂νΦµ +Υµν |2 + Int(Υ(Φ, G),Φ, ...) (2.10)
where Υµν = g[Φµ, Gν ], Int represents terms of gluon interaction with color matter realized
via general derivative or the strength tensor Fµν . The color index of the gluon fields is
omitted to simplify the expressions.
Now, we replace Υµν by an auxiliary field Tµν and confine of Υ = T by means of a
Lagrange multiplier tµν . We apply this procedure for the Int and Υ(Φ, G)2 terms, keeping
the linear Υ term as it is:
L = −1
4
|∂µΦν − ∂νΦµ|2 − 1
2
(∂µΦν − ∂νΦµ)Υ(Φ, G)µν
−1
4
TµνT
µν +
1
2
tµν(T
µν −Υ(Φ, G)µν)
+Int(Υ→ X,Φ, ...) (2.11)
Then, we perform the following substitution of variables
ΦT µν = (Tµν − tµν)/
√
2 and Φtµν = i · tµν/
√
2 (2.12)
in order to obtain standard normalized quadratic forms for the auxiliary fields:
L = −1
4
|∂µΦν − ∂νΦµ|2 − 1
2
(∂µΦν − ∂νGµ)Υ(Φ, G)µν
−1
2
ΦT µνΦT
µν − 1
2
ΦtµνΦt
µν +
i√
2
ΦtΥ(Φ, G)
µν
+Int(Υ→
√
2(ΦT − i · Φt), G, ...) (2.13)
In the case of QCD interaction with scalar and fermion fields, the Int() term does not
contain Υ. Thus, the auxiliary field T is free and can be omitted. Other terms produce
the 3 − gluon interaction, the point-like propagator (2.8), and the interaction of just one
auxiliary tensor field t with gluons (2.9).
Lagrangian with a complex vector field Φ also can be represented in a color-factored
form using the same trick. In a general case, it is given as:
L = −1
2
|∂µΦν − ∂νΦµ +Υ(Φ, G)µν |2 + Int(Υ(Φ, G),Υ(Φ, G)∗,Φ,Φ∗, ...) (2.14)
Following the procedure adopted with real vector field, we introduce two auxiliary fields
Tµν and tµν which are now complex. In terms of these fields, the Lagrangian becomes:
L = −1
2
|∂µΦν − ∂νΦµ|2 − 1
2
(∂µΦ
∗
ν − ∂νΦ∗µ)Υ(Φ, G)µν −
1
2
Υ(Φ, G)∗µν(∂
µV ν − ∂νV µ)
−1
2
T ∗µνT
µν +
1
2
t∗µν(T
µν −Υ(Φ, G)µν) + 1
2
(T ∗µν −Υ(Φ, G)∗µν)tµν
+Int(Υ→ T,Υ(Φ, G)∗ → T ∗...) (2.15)
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To obtain a standard normalized quadratic form of auxiliary fields, one should perform
the following variable substitutions:
ΦT µν = (Tµν − tµν)/
√
2 , ΦT
∗
µν = (T
∗
µν − t∗µν)/
√
2
Φtµν = i · tµν/
√
2 , but! Φt
∗ = i · t∗µν/
√
2 ; (2.16)
Note that this transformation is realized through a non-analytic manner which is legal
for functional integrals. Now, the Lagrangian in color-factorized form can be given as
L = −1
2
|∂µΦν − ∂νΦµ|2 − 1
2
(∂µΦ
∗
ν − ∂νΦ∗µ)Υ(Φ, G)µν −
1
2
Υ(Φ, G)∗µν(∂
µΦν − ∂νΦµ)
−|ΦT |2 − |Φt|2 + i√
2
Φt
∗
µνΥ(Φ, G)
µν +
i√
2
Υ(Φ, G)∗µνΦt
µν
+Int(Υ→
√
2(ΦT − i · Φt),Υ(Φ, G)∗ →
√
2(Φ∗T − i · Φ∗t )...) (2.17)
In particular, for the case of Lagrangian (2.5) one has
Υ(Φ, G)µν = −ig(GµΦν −GνΦµ) (2.18)
Υ(Φ, G)∗µν = ig(GµΦ
†
ν −GνΦ†µ) (2.19)
Int(Υ→
√
2(ΦT − i · Φt),Υ(Φ, G)∗ →
√
2(Φ∗T − i · Φ∗t )...) =
−ig(1 − κG)ΦµtaΦν [∂µGaν − ∂νGaµ +
√
2(Φt
a
µν − iΦT aµν)]
−ig λG
M2Φ
[∂σΦ
†
µ − ∂µΦ†σ +
√
2(ΦT
∗
σµ − iΦt∗σµ)]×
[∂νΦ
µ − ∂µΦν +
√
2(ΦT
µ
ν − iΦtµν )]× [(∂νGσ − ∂σGν +
√
2(GT
νσ − iGtνσ)] (2.20)
In the case of a complex scalar field one should introduce two auxiliary vector fields –
Vµ and vµ (analogous to Tµν and tµν tensors). The Lagrangian with the complex scalar
field Φ can be represented as:
L = |∂µΦ+Υ(Φ, G)µ|2 + Int(Υ(Φ, G),Υ(Φ, G)∗,Φ,Φ∗, ...) (2.21)
In terms of these fields, in exact analogy with the vector leptoquark field, we have
L = |∂µΦ|2 + ∂µΦ∗Υ(Φ, G)µ +Υ(Φ, G)∗µ∂µΦ
+V ∗µ V
µ − v∗µ[V µ −Υ(Φ, G)µ]− [V ∗µ −Υ(Φ, G)∗µ]vµ
+Int(Υ→ V,Υ(Φ, G)∗ → V ∗...) (2.22)
with the same variable substitutions:
ΦV µ = (Vµ − vµ)/
√
2 ΦV
∗
µ = (V
∗
µ − v∗µ)/
√
2
Φvµ = i · vµ/
√
2 but! Φv
∗ = i · v∗µν/
√
2 (2.23)
For Lagrangian (2.4) one has:
Υ(Φ, G)µ = −igGµΦ (2.24)
Υ(Φ, G)∗µ = igGµΦ (2.25)
Int(Υ→
√
2(ΦV − i · Φv),Υ(Φ, G)∗ →
√
2(Φ∗V − i · Φ∗v)...) = 0. (2.26)
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P1 |P2 |P3 | Factor | Lorentz Part
---------------------------------------------------------------------------------------------
vm |VM |G | GG/MVM^2 |MVM^2*((1-KG)*(m2.p3*m1.m3-m1.p3*m2.m3)
| +(p2.m1*m2.m3-p1.m2*m1.m3+(p1-p2).m3*m1.m2))
| +LG*( p3.m1*(p1.m2*p2.m3-p1.p2*m2.m3)
| -p3.m2*(p1.m3*p2.m1-p1.p2*m1.m3)
| +p2.p3*(p1.m3*m1.m2-p1.m2*m1.m3)
| -p1.p3*(p2.m3*m1.m2-p2.m1*m2.m3))
vm |VM.t |G | GG/MVM^2/Sqrt2 |MVM^2*( m1.m2*m3.M2-m1.M2*m3.m2)
|+2*LG*( p3.m2*(p1.m3*m1.M2-p1.M2*m1.m3)
| +m3.m2*(p1.M2*p3.m1-p1.p3*m1.M2))
VM |vm.t |G | -GG/MVM^2/Sqrt2 |MVM^2*(m1.m2*m3.M2-m1.M2*m3.m2)
|+2*LG*( p3.m2*(p1.m3*m1.M2-p1.M2*m1.m3)
| +m3.m2*(p1.M2*p3.m1-p1.p3*m1.M2))
vm |VM.T |G | i*GG/MVM^2*Sqrt2 |LG*( p3.m2*(p1.m3*m1.M2-p1.M2*m1.m3)
| +m3.m2*(p1.M2*p3.m1-p1.p3*m1.M2))
VM |vm.T |G |-i*GG/MVM^2*Sqrt2 |LG*( p3.m2*(p1.m3*m1.M2-p1.M2*m1.m3)
| +m3.m2*(p1.M2*p3.m1-p1.p3*m1.M2))
vm |VM |G.t | -GG*Sqrt2/MVM^2 |MVM^2*(1-KG)*m1.m3*m2.M3
|-LG*( p1.M3*m1.m2*p2.m3-p1.m2*p2.m3*m1.M3
| -p1.M3*m2.m3*p2.m1+p1.p2*m1.M3*m2.m3)
vm |VM |G.T |-i*GG*Sqrt2/MVM^2 |MVM^2*(1-KG)*m1.m3*m2.M3
|-LG*( p1.M3*m1.m2*p2.m3-p1.m2*p2.m3*m1.M3
| -p1.M3*m2.m3*p2.m1+p1.p2*m1.M3*m2.m3)
vm |VM.t |G.t | 2*GG*LG/MVM^2 |m2.m3*(p1.M3*m1.M2-p1.M2*m1.M3)
vm |VM.t |G.T | 2*i*GG*LG/MVM^2 |m2.m3*(p1.M3*m1.M2-p1.M2*m1.M3)
vm |VM.T |G.t | 2*i*GG*LG/MVM^2 |m2.m3*(p1.M3*m1.M2-p1.M2*m1.M3)
vm |VM.T |G.T | -2*GG*LG/MVM^2 |m2.m3*(p1.M3*m1.M2-p1.M2*m1.M3)
VM |vm.t |G.t | 2*GG*LG/MVM^2 |m2.M3*(p1.m3*m1.M2-p1.M2*m1.m3)
VM |vm.t |G.T | 2*i*GG*LG/MVM^2 |m2.M3*(p1.m3*m1.M2-p1.M2*m1.m3)
VM |vm.T |G.t | 2*i*GG*LG/MVM^2 |m2.M3*(p1.m3*m1.M2-p1.M2*m1.m3)
VM |vm.T |G.T | -2*GG*LG/MVM^2 |m2.M3*(p1.m3*m1.M2-p1.M2*m1.m3)
vm.T |VM.T |G.T |-i*GG*LG/MVM^2*2*Sqrt2| m1.M3*M1.M2*m2.m3
vm.t |VM.T |G.T | -GG*LG/MVM^2*2*Sqrt2| m1.M3*M1.M2*m2.m3
vm.T | VM.t|G.T | -GG*LG/MVM^2*2*Sqrt2| m1.M3*M1.M2*m2.m3
vm.t | VM.t|G.T | i*GG*LG/MVM^2*2*Sqrt2| m1.M3*M1.M2*m2.m3
vm.T |VM.T |G.t | -GG*LG/MVM^2*2*Sqrt2| m1.M3*M1.M2*m2.m3
vm.t |VM.T |G.t | i*GG*LG/MVM^2*2*Sqrt2| m1.M3*M1.M2*m2.m3
vm.T | VM.t|G.t | i*GG*LG/MVM^2*2*Sqrt2| m1.M3*M1.M2*m2.m3
vm.t | VM.t|G.t | GG*LG/MVM^2*2*Sqrt2| m1.M3*M1.M2*m2.m3
vm.t | VM.t|G | 2*GG*LG/MVM^2 | M1.M2*(p3.m2*m1.m3-p3.m1*m2.m3)
vm.T | VM.t|G |2*i*GG*LG/MVM^2 | M1.M2*(p3.m2*m1.m3-p3.m1*m2.m3)
vm.t |VM.T |G |2*i*GG*LG/MVM^2 | M1.M2*(p3.m2*m1.m3-p3.m1*m2.m3)
vm.T |VM.T |G | -2*GG*LG/MVM^2 | M1.M2*(p3.m2*m1.m3-p3.m1*m2.m3)
Table 2: An example of the implementation of LQ interactions with gluons in the
CalcHEP/CompHEP packages for the case of V2µ vector LQ (VM) with F = −2, T3 = −1/2, Q =
+1/3. See text for details.
One can see that the leptoquark Lagrangians given by Eq.(2.4)–(2.5) can be rewritten
in terms of products of only three fields. The approach described above allows us to
represent the strength tensor as a sum of vector fields and auxiliary tensor fields. Thus,
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interactions can be presented as a trilinear fields interaction only and, therefore, have
simple unambiguously defined color factor that can be factorized.
As it was demonstrated above, the implementation of the complete LQ model requires
two auxiliary tensor fields Φ.t and Φ.T for each LQ type. In CompHEP [20], only one tensor
field (Φ.t) is automatically generated, while CalcHEP [21] generates both of them. To im-
plement the complete LQ model into CompHEP one can introduce the second tensor field
by doubling the vector LQ fields (by introducing, say, Φ˜ LQ fields), and use the tensor field
of those particles (Φ˜.t) as a Φ.T field. The complete LQ model given by Eq. (2.2)-(2.5) has
been implemented and tested for both CompHEP and CalcHEP packages. The complete
models of LQ interactions relevant to LHC or Tevatron physics (i.e. models with LQ− l− q
and LQ− gluon interactions) can be found at
http://hep.pa.msu.edu/belyaev/public/projects/lq/models/lq_calc.zip
and at
http://hep.pa.msu.edu/belyaev/public/projects/lq/models/lq_comp.zip
for CalcHEP and CompHEP, respectively. Results for LQ pair production has been com-
pared with those of paper [18]. We agree with the results of [18] except with the sign in
front of λG in the expression for vector LQ pair production (for the sign convention defined
by Eq. 2.5), which we found to be opposite in our calculations.
In Table 2, we present an explicit example of the implementation of LQ interactions with
gluons in the CalcHEP package for the case of V2µ vector LQ (VM) with F = −2, T3 =
−1/2, Q = +1/3 (see Table 1). Table 2 is a piece of the CalcHEP model of particle
interactions. The first three fields ‘P1’, ‘P2’ and ‘P3’ include the names of the interacting
particles. The last two fields ‘Factor’ and ‘Lorentz Part’ define a vertex itself. Each line of
the table represents a particles interaction vertex. Symbols ’up’, ’up.t’,’up.T’ correspond
to a vector LQ, first tensor LQ and second tensor LQ fields, respectively. Names with capital
letters: ‘UP’, ‘UP.t’,‘UP.T’ correspond to the hermitian conjugated fields. Gluon fields and
its two tensor fields are denoted by ‘G’,‘G.t’,‘G.T’, respectively. The ‘Factor’ field contains
‘GG’, ‘MUP’, ‘LG’ and ‘Sqrt2’ which denote gs, MUP (LQ mass), λG and
√
2, respectively.
Symbols ‘mi.mj’, ‘Mi.mj’, ‘mi.Mj’ or ‘Mi.Mj’ (i, j = 1, ...3) in ‘Lorentz Part’ stand for
gmimj , gMimj , gmiMj or gMiMj metric tensors, respectively, with the indices folded with
the respective index of vector or tensor particle in the column ’i’ and ’j’. The first index
of the tensor particle is denoted by a lower case letter, e.g., ‘m1’, while the second index –
by a capital letter, e.g. ‘M1’. The index of the vector particle is always a lower case letter,
e.g. ‘m1’. The symbols ‘pi.mj’ or ‘pi.Mj’ denote ‘p
mj
i ’ and ‘p
Mj
i ’ i.e. the momenta of the
interacting particles with the respective Lorentz indices. The symbols ‘pi.pj’ denote the
momenta product, pi.pj , of two particles. The symbol ‘KG’ in the ‘Lorentz Part’ denotes
the anomalous coupling κG. A detailed explanation on the implementation of models of
particle interactions can be found in the CompHEP manual [20].
3. Signal rates
Leptoquarks can be produced in quark-quark, quark-gluon and gluon-gluon interactions.
Their production at the LHC is dominated by the strong interaction of LQ with gluons,
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Figure 2: Diagrams for LQ pair production in quark-quark and gluon-gluon fusion.
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Figure 3: Diagrams for LQ single production in quark-gluon fusion
and one can safely neglect LQ interactions with photons, Z and W± bosons. In the case of
quark-quark and gluon-gluon fusion, LQ produced in pairs are shown by Feynman diagrams
in Fig. 2. The LQ pair production cross section is defined by LQ mass and coupling of the
strong interactions – αs. In the case of vector LQ pair production the total cross section
also depends on the anomalous κG and λG couplings.
In the case of quark-gluon fusion, LQ are produced singly in association with leptons.
In comparison to LQ pair production, the production rate of LQ single rate depends also on
LQ−quark− lepton Yukawa type coupling appearing in Eq. (2.2)-(2.3). The corresponding
diagrams are shown in Fig. 3.
Both processes — LQ single and pair production — give the same striking signatures:
1. 2l + jets when LQs decay into a lepton and a quark;
2. l + jets+ 6ET for both processes when singly produced LQ decays into a neutrino and
a quark and one of the LQ produced in pair production, decays into a lepton and a quark
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while the other decays into a neutrino and a quark. The same signature will take place
for LQ single production if LQ is produced in association with a neutrino but decays into a
lepton and a quark.
3. jets+ 6ET signature when LQs decay into a neutrino and a quark and single LQ is
produced in association with a neutrino.
One of the important message which we would like to convey in this article is that
LQ single and pair productions must be considered together. Because of similarity in
their signatures, it is impossible to separate signals from LQ single and pair production
completely.
In our study, for numerical calculations we have used the CTEQ6L set for parton
distribution function (PDF)[24] and chosen the QCD scale equal to the LQ mass. There
are many scalar and vector LQ species with different isospin, charge and LQ − quark −
lepton couplings (as given in Table 1), however, the total LQ decay width depends on one
parameter (given that LQ mass and αS are fixed), the sum of LQ−quark− lepton couplings
squared, λ2eff = λ
2
L(lq)+λ
2
R(lq)+λ
2
L(νq
′) (see Table 1 and Eq. (2.2), (2.3). Without loosing
generality, for our analysis, we have chosen scalar(S0) and vector(VM) LQ (see Table 1),
which couples to both – the charged lepton and a quark as well as to a neutrino and a
quark. For the reference point, we have chosen λeff to be equal to the electromagnetic
coupling, e =
√
4πα ≃ 0.312 for α = 1/128. Choosing λeff completely defines LQ decay
width:
S0 with F = −2, T3 = 0, Q = +1/3 has Γ =MLQ (λ
2
L(lq) + λ
2
L(νq
′))
16π
, (3.1)
while VM with F = −2, T3 = −1/2, Q = +1/3 has Γ =MLQ (λ
2
R(lq) + λ
2
L(νq
′)
24π
. (3.2)
Both, S0 and VM , decay into u¯e+ and d¯ν¯ with 50% branching fraction for each decay
channel for our choice of parameters. For MLQ = 1 TeV,
√
g23L + g
2
3L =
√
g22R + g
2
2L =
λeff = e, the total width for S0 is Γ(S0) = 1.95 GeV while Γ(VM) = 1.30 GeV.
In Fig. 4 we present the total cross section of scalar LQ production as a function of
LQ mass for LQ pair (left) and single (right) production. One should note, that single LQ
and single LQ production rates at the LHC are drastically different since the first of them
is initiated by valence quarks while the other one – by sea quarks. Below, we quote the
sum of the cross sections for LQ and LQ single production. LQ single production rates also
depend on to which quark(s) it couples. In Fig. 4 one can see the difference in rates for
single LQ production when it is produced in association with charged lepton (higher rates)
and when it is produced in association with a neutrino (lower rates). The apparent origin
of this difference lays in the difference between up− and down− quark parton densities,
respectively. We do not lose generality when studying just one type of scalar LQ, S0 here,
since the generic cross section of the scalar LQ single production could be expressed as a
superposition of two cross sections represented by the red and black curves in Fig. 4 which
scales quadratically with the LQ − l − q coupling. The same is also true for the case of
vector LQ production which we describe below.
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Figure 4: Total cross section of scalar LQ (S0) production as a function of the LQ mass for LQ
pair (left) and single (right) production at the LHC. The cross section of single LQ production
depends on the value LQ − ℓ − q coupling chosen to be
√
g2
3L + g
2
3L = λeff = e. The single LQ
production in association with charged lepton is represented by black curves while its production
in association with neutrino is shown by red curves.
For low LQ masses (∼ 100 GeV) LQ pair production process dominates over the LQ
single production process by about one order of magnitude: ∼ 1000 pb compared with
∼ 100 pb. But for larger LQ masses (∼ 1000 GeV), targeted by LHC (unless Tevatron
will discover light LQ states earlier) the cross sections of LQ single and pair production
become comparable. This happens because of a stronger phase space suppression of LQ
pair production and a related faster drop of the parton (especially gluon) density functions.
ForMLQ ∼ 1000 GeV, the cross section for both, single and LQ pair production, is roughly of
the order of 10 fb. For even higher scalar LQ masses, single production starts to dominate
over LQ pair production – for MLQ ∼ 2000 GeV, the LQ single production cross section
(∼ 0.1 fb) is already one order of magnitude larger than the cross section of pair LQ
production (∼ 0.01 fb)! Of course, the cross section of LQ single production is proportional
to the square of the LQ−e−q unknown coupling (chosen to be equal to the electromagnetic
coupling) and can be rescaled accordingly. One can see that if this coupling is of the order
of the electromagnetic coupling (like in the case of recent experimental limits obtained at
HERA [3]), then the scalar LQ single production should be definitely taken into account
and combined with the studies of the LQ pair production.
Vector LQ cross sections are presented in Fig. 5 and Fig. 6 for the cases of LQ single
and pair production, respectively. We present results for four ‘traditional’ choices of κG
and λG:
1. κG = λG = 0, Yang-Mills type coupling (YM) case
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Figure 5: Total cross section for pair vector LQ production as a function of the LQ mass. Four
choices of (κ, λ) are presented: 1) κG = λG = 0 – Yang-Mills type coupling (YM); 2) κG = 1, λG = 0
– Minimal coupling (MC); 3) κG = −1, λG = −1 – (MM) and 4) the case of absolute minimal cross
section (AM) in which the cross-section is minimized with respect to κG, λG parameters for each
value of MLQ.
2. κG = 1, λG = 0, Minimal coupling (MC) case
3. κG = −1, λG = −1, MM case
4. the case of absolute minimal cross section (AM) in which the cross section is minimized
with respect to κG, λG parameters for each value of MLQ.
For AM case, one can establish the absolute conservative limit on the cross section of vector
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Figure 6: Total cross section of single vector LQ(VM) production as a function of the LQ mass.
The cross section of LQ single production depends on its quark content and the value LQ − ℓ − q
coupling chosen to be
√
g2
2R + g
2
2L = λeff = e. single LQ production in association with the charged
lepton is denoted by black curves, while its production in association with neutrino is denoted by
red curves. Four choices of (κ, λ) are presented: 1) κG = λG = 0 – Yang-Mills type coupling (YM);
2) κG = 1, λG = 0 – Minimal coupling (MC); 3) κG = −1, λG = −1 – (MM) case and 4) the case of
absolute minimal cross section (AM) in which the cross section is minimized with respect to κG, λG
parameters for each value of MLQ.
LQ since for each value ofMLQ the minimal cross section is defined. One can see again, that
the cross section for LQ single production catches up the cross section of pair production at
MLQ ≃ 1 TeV and starts to dominate at larger LQ masses for the same reason as in scalar LQ
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production case. One can also notice that the cross section for MC and AM cases are quite
close to each other for LQ masses ≤ 1 TeV, e.g.at MLQ = 1.0 TeV they are 37.6 fb (MC)
and 24.8f b (AM) for pair vector LQ production and 31.4 fb (MC) and 30.2 fb (AM) for
vector LQ single production. Here, we present the sum of the cross sections, pp→ LQℓ and
pp → LQν, of LQ single production processes. However, at higher LQ masses (1.5-2 TeV)
the cross section for LQ pair production in the AM case could be a factor of 2-3 smaller
than for MC case. This happens because the contribution from gg → LQLQ to the total
production cross section (which is similar for MC and AM cases) vanishes for heavy LQ
production, while the contribution from qq¯ → LQLQ starts to dominate (it is several times
larger for MC, as compared to AM case) in this mass region.
The cross section for YM case is typically a factor of 3-5 higher than the one for MC
case. For example, for MLQ = 1.0 TeV one has 208 fb and 87.3 fb for LQ single and
pair production cross section for YM case. For MM case, the cross section for pair LQs
is 1-3 orders of magnitude higher than the one for MC case: σpairLQ (MM) = 1760 fb for
MLQ = 1.0 TeV. The MM cross section for LQ single production is about one order of
magnitude higher, as compared to MC case: : σsingleLQ (MM) = 284 fb for MLQ = 1.0 TeV.
In Table 3, we summarize cross sections for LQ single and pair production for both,
vector (VM) and scalar (S0) leptoquarks at the LHC. As we mentioned above, the total
cross section for any LQ type can be obtained from Table 3 by superimposing respective
numbers and rescaling them for a chosen value of LQ− ℓ− q coupling.
In our study we use the MC set of cross sections (which is not very different from AM
case) to establish a conservative limit on the MLQ and λeff parameters of the model.
4. Simulations and signal versus background analysis
The simulations of leptoquark signal events were performed with CompHEP [20], the
CompHEP-PYTHIA interface [22] and PYTHIA6.2 [23] program chain. The cross sec-
tion values presented in this article were calculated using CTEQ6L parton distribution
function (PDF)[24]. PYTHIA was used to account for initial and final state radiation and
to perform hadronization and decay of resonances, when it was relevant.
Besides the difference in cross section for vector and scalar LQ production one could
expect a difference in angular correlations of vector LQ decay products compared to scalar
LQ if the vector LQ is being produced with some polarization. We have found that, indeed,
vector LQ is produced with non-trivial polarization at the LHC which is reflected, for
instance, in a difference in the angular distribution between the leading pT electron and jet
shown as an example in Fig. 7 for LQ single production case. The study of such angular
correlation effects is, however, beyond the scope of the present article. The distributions
of kinematical characteristics we have chosen in this study are similar for scalar and vector
LQ production.
The ATLFAST[25] code has been used to take into account the experimental conditions
prevailing at LHC for the ATLAS detector. The detector concept and its physics potential
have been presented in the Technical Proposal[26] and the Technical Design Report[27].
The ATLFAST code for fast detector simulations accounts for most of the detector features:
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LQ pair production
MLQ Scalar Vector (κ, λ)
(TeV) MM YM MC AM (κ, λ)
(−1,−1) (0, 0) (1, 0)
0.1 1.04E+06 5.05E+11 8.55E+07 3.34E+07 2.31E+07 (0.549, 0.00363)
0.5 3.45E+02 5.23E+05 2.02E+04 4.12E+03 3.31E+03 (1.01, 0.0496)
1.0 4.20E+00 1.76E+03 2.08E+02 3.76E+01 2.48E+01 (1.16, 0.130)
1.5 1.79E-01 4.89E+01 7.84E+00 1.44E+00 7.12E-01 (1.25, 0.198)
2.0 1.19E-02 2.57E+00 4.70E-01 8.96E-02 3.32E-02 (1.30, 0.239)
LQ single production: pp(ug)→ LQℓ
MLQ Scalar Vector (κ, λ)
(TeV) MM YM MC AM (κ, λ)
(−1,−1) (0, 0) (1, 0)
0.1 5.35E+04 1.12E+07 1.87E+06 8.25E+05 8.15E+05 (0.991, 0.0381)
0.5 1.12E+02 7.80E+03 2.22E+03 8.35E+02 8.20E+02 (1.06, 0.0792)
1.0 4.37E+00 1.97E+02 6.05E+01 2.21E+01 2.10E+01 (1.06, 0.0656)
1.5 4.79E-01 1.66E+01 5.15E+00 1.75E+00 1.74E+00 (1.05, 0.0215)
2.0 1.60E-01 2.29E+00 7.10E-01 2.38E-01 2.37E-01 (1.04, -0.0437)
LQ single production: pp(dg)→ LQν
MLQ Scalar Vector (κ, λ)
(TeV) MM YM MC AM (κ, λ)
(−1,−1) (0, 0) (1, 0)
0.1 3.71E+04 6.55E+06 1.21E+06 5.20E+05 5.15E+05 (1.01, 0.0431)
0.5 6.30E+01 3.93E+03 1.14E+03 4.23E+02 4.15E+02 (1.06, 0.0790)
1.0 2.11E+00 8.70E+01 2.68E+01 9.30E+00 9.20E+00 (1.06, 0.0554)
1.5 2.06E-01 6.60E+00 2.05E+00 6.90E-01 6.90E-01 (1.05, 0.0429)
2.0 3.13E-02 8.25E-01 2.56E-01 8.60E-02 8.55E-02 (1.04, -0.0828)
Table 3: Cross sections (in fb) for LQ single and pair production for vector (VM) and scalar (S0)
leptoquarks at the LHC. The cross section of LQ single production depends on its quark content
and the value of LQ − ℓ − q coupling chosen to be
√
g2
2R + g
2
2L = λeff = e. single LQ production
in association with a neutrino is presented separately from LQ production in association with a
charged lepton. Four choices for (κ, λ) are presented for vector LQ production: 1) κG = λG = 0
– Yang-Mills type coupling (YM); 2) κG = 1, λG = 0 – Minimal coupling (MC); 3) κG = −1,
λG = −1 – (MM) case and 4) the case of absolute minimal cross section (AM) in which the cross
section is minimized with respect to κG, λG parameters for each value of MLQ.
jet reconstruction in the calorimeters, momentum/energy smearing for leptons and photons,
magnetic field effects and missing transverse energy. It provides a list of reconstructed jets,
isolated leptons and photons. In most cases, the detector–dependent parameters were
tuned to values expected for the performance of the ATLAS detector from full simulation.
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Figure 7: Distributions of the cosine of the open angle
between electron and jet in events with a scalar (solid line)
and vector (dashed line) LQ single production.
ters were used to reconstruct the
energy of leptons in cells of dimen-
sions ∆η×∆φ = 0.025×0.025 within
the pseudorapidity (η) range−2.5 <
η < 2.5; φ is the azimuthal angle.
The electromagnetic energy reso-
lution is given by 0.1/
√
E(GeV )
⊕
0.007
over this pseudorapidity region. The
electromagnetic showers are identi-
fied as leptons when they lie within
a cone of radius ∆R =
√
(∆η)2 × (∆φ)2 =
0.2 and possess a transverse energy
ET > 5 GeV. Lepton isolation cri-
teria were applied, requiring a dis-
tance ∆R > 0.4 from other clus-
ters and maximum transverse en-
ergy deposition, ET < 10 GeV, in
cells in a cone of radius ∆R = 0.2
around the direction of electron emis-
sion.
Jet energies were reconstructed by clustering hadronic calorimeters cells of dimensions
∆η × ∆φ = 0.1 × 0.1 within the pseudorapidity range −2.5 < η < 2.5. The hadronic
energy resolution of the ATLAS detector is parametrized as 0.5/
√
E(GeV )⊕0.03 over this
η region. Hadronic showers are regarded as jets if the deposited transverse energy ET is
greater than 15 GeV within a cone of radius ∆R = 0.4.
It must be mentioned that standard parametrization in ATLFAST has been used for
the electron resolution but detailed studies are needed, using test beam data and GEANT
full simulation to validate the extrapolation of the resolution function to electron energies
in the TeV range.
In this paper, two types of signal event have been studied.
1. Type 1(2l + jets) signature, for which LQ produced singly in association with an
electron, decays to an electron and a quark, while each LQ produced in pair is required
to decay to an electron and a quark.
2. Type 2(l+ jets+EmissT ) signature, for which LQ produced singly in association with
a neutrino, decays to an electron and a quark. 1 For LQ pair production, one LQ is
required to decay into electron and quark, while the other one – to a neutrino and a
quark.
1The same signature will be for single LQ production in association with the electron if LQ decays into
neutrino and quark.
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Backgrounds of Type 1 signal signature are Z + jets events, where Z decays into two
electrons, and tt events where bothW from the top quark decay into an electron (positron)
and a neutrino. For the signal events of Type 2, backgrounds areW+jets events, whereW
decays into an electron and a neutrino, and tt events where one W decays into an electron
and neutrino, and the second W decays into jets.
Process tt(Type 1) tt (Type 2) Z + jet W + jets
σ (pb) 6.6 11 665 17.
Table 4: Cross section σ(pb) from PYTHIA for the backgrounds after pre-selection cuts.
In order to enrich the event statistics in the region of high invariant masses, simulated
background events were pre-selected in PYTHIA for hard 2 → 2 process with transverse
momentum, pˆT > 200 GeV (100 GeV for Z + jet events), defined in the rest frame of
the hard interaction, followed by the standard initial and final state radiation technique.
Top quark pair production and W + jets background events for Type 2 signal events were
additionally pre-selected with at least one electron and 6ET > 100 GeV. Corresponding cross
sections for the backgrounds, used for this article, are shown in Table 4 for the events,
passing pre-selection cuts. Since the signal events would consist of events originated from
the single or pair production of leptoquarks, we tried to define a unique set of cuts effective
for the background suppression against combined LQ pair+single signal.
4.1 Type 1 LQ signal events
Here, we present the analysis of LQ events of Type 1. The signal signatures consist of at
least one jet and two electrons.
Due to their large mass, leptoquarks would produce events with large transverse energy.
The scalar sum of transverse momenta of all charged particles in the event, HT , is presented
for single, Fig. 8(left), and pair, Fig. 8(right), scalar LQ production. As can be seen, an
appropriate choice of a HT value should suppress the bulk of background events.
The following cuts were used to separate signal from background:
• The transverse momentum of two electrons were required to be at least 90 GeV (100
GeV in the case of MLQ > 750 GeV).
• At least one jet was required with minimum transverse momenta of 70 GeV (90 GeV
in the case of MLQ = 750 GeV and > 100 GeV/c for higher LQ masses).
• The invariant mass of two electrons was required to be larger than 150 GeV in order
to veto the dominant Z + jets background.
• Events with at least one b-jet were vetoed to suppress tt background.
• The scalar transverse momentum sum of all selected particles in the event, HT , was
required to be at least 800 GeV.
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Figure 8: Distribution of the HT variable (see text) for events of single (left) and pair (right)
production of scalar leptoquarks and corresponding backgrounds. All distributions are normalized
to unity.
The resulting invariant mass distributions for the electron-jet system are presented in
Figs. 9 for combined single and pair production of leptoquarks of various masses. Signal
distributions are presented for scalar (hatched area) and vector leptoquarks. The dashed
line shows the pair production contribution to the total signal spectrum. The contribution
of the single production to the total spectrum gradually increases with the LQ mass. The
cross section for vector leptoquarks corresponds to MC case (κG = 1, λG = 0).
All possible mass combinations between two leading pT jets and electrons are allowed,
which leads to some broadening of the signal distributions for the single production case.
As can be seen from these figures, the Z + jets background is essentially dominant.
The pair production of top quarks gives a rather small contribution and can be seen only
for the lowest leptoquark mass case studied.
The signal statistical significances are given in Table 5. The data are presented for
combined (single+LQ pair production) signal efficiencies, with the number of events shown
for the total background and for LQ single and pair production for different masses of
scalar and vector leptoquarks. The data are presented for an integrated luminosity of
L = 300fb−1.
4.2 Type 2 LQ signal events
In this section we present the analysis of signal events with an electron, jets and a neutrino.
The signal signature is at least one jet, electron and missing transverse momenta. The
scalar sum of transverse momenta of all charged particles in the event, HT , is presented for
single, Fig. 10 (left), and pair production, Fig. 10 (right) of scalar LQ. As can be seen, an
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Figure 9: Invariant mass distribution of electron and jet for events of single and pair production
of scalar and vector leptoquarks mass 500, 750, 1000 and 1250 GeV for Type 1 signal events.
appropriate choice of a HT value again should suppress the bulk of background events. The
presence of a neutrino in the LQ signal events of this type, provides a possibility to suppress
relevant backgrounds using a missing transverse momentum variable. In Fig. 11 (right),
we plot the orbital (φ)-angle difference, ∆φ, between electron and the missing transverse
momentum vector. Distributions are shown for scalar and vector leptoquark decays and
corresponding backgrounds. The background spectra reveal the emission of an electron and
a neutrino along the same direction, which is reasonable, since in background events those
particles are produced in W decays. The signal distributions bear mostly the back-to-back
emission feature. The following set of cuts was worked out to effectively separate the
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LQ Mass Background Scalar LQ Vector LQ
(GeV) LQ-Single LQ-Pair Stot/
√
B LQ-Single LQ-Pair Stot/
√
B
500 614 1835 14529 660 25907 155374 7316
750 264 335 1033 84 2902 8571 706
1000 132 54 112 14 392 894 112
1250 40 12 17 5 70 140 33
1500 28 4 3 1 16 20 7
Table 5: Number of signal events for LQ single and pair production versus total background and
respective significance Stot/
√
B for combined signal (LQ pair + single production). Results are for
an integrated luminosity of L = 300fb−1 and Type 1 signal signature.
0
0.02
0.04
0.06
0.08
0.1
0.12
0 500 1000 1500 2000 2500 3000 3500 4000
HT, GeV
En
tri
es
/N
To
t
0
0.02
0.04
0.06
0.08
0.1
0.12
0 500 1000 1500 2000 2500 3000 3500 4000
HT, GeV
En
tri
es
/N
To
t
Figure 10: Distribution of HT variable (see text) for events of single (left) and pair (right) produc-
tion of leptoquarks and corresponding backgrounds. Decays of LQ include electrons and neutrino.
All distributions are normalized to unity.
signal from background:
• The transverse momentum of the electron was required to be at least 100 GeV.
• At least one jet was required with a minimum transverse momentum of at least 100
GeV.
• The transverse mass of an electron and the missing transverse momentum vector
(PmissT , see Fig. 12) was required to be larger than 200 GeV in order to veto the
dominant W + jets background.
• Events with at least one b-jet were vetoed to suppress tt background.
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• The scalar sum of transverse momenta of all selected particles in the event, HT , was
required to be at least 400,(600, 800, 1000, 1200) GeV for LQ masses of 500, (750,
1000, 1250, 1500) GeV, respectively.
• The orbital angle difference between an electron and the transverse missing momen-
tum vector was required to be greater than 0.8 radians.
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Figure 11: The distribution of the orbital φ-angle difference between an electron and the missing
transverse momentum vector, ∆φ, in radians, for signal (scalar and vector LQ) and background
W + jets and tt events. single (left) and pair (right) LQ production are presented.
While the angular spectra of scalar and vector LQ of 500 GeV mass are quite close to the
background spectra in the forward hemisphere, the signal distributions for larger masses
allow the separation of the signal from the background. The resulting invariant mass
distributions for the electron-jet system of the signal events of Type 2 are presented in
Fig. 13 for the LQmass of 500 GeV (left side) and 750 GeV (right side). Signal distributions
are presented for scalar leptoquarks (hatched area) and vector leptoquarks for the minimal
coupling set. The dashed line shows the pair production contribution to the total signal
spectrum. Similarly to the Type 1 signal events, the contribution of the single production to
the total spectrum gradually increases with the LQmass. The signal statistical significances
are reported in Table 6 combined for LQ single and pair production for different LQ masses.
Table 6 also presents number of events, separately for for LQ single and pair production
as well as for background events. The data correspond to an integrated luminosity of
L = 300fb−1.
4.3 LQ mass reach of LHC
The LQ mass reach of LHC is shown in Fig. 14 for combined single and LQ pair production
processes and two types of signal signatures. The results for scalar and vector LQ are
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Figure 12: The distribution of the transverse mass of an electron and the PmissT vector for signal
(scalar and vector LQ) andW+jets and tt backgrounds. single (left) and pair (right) LQ production
are presented.
Mass Background Scalar LQ Vector LQ
(GeV) LQ-Single LQ-Pair Stot/
√
B LQ-Single LQ-Pair Stot/
√
B
500 1850 2093 8383 244 17889 88438 2425
750 674 251 545 31 1229 4953 238
1000 303 33 52 5 135 460 34
1250 149 5 7 1 17 64 7
Table 6: Number of signal events for single and LQ pair production versus total background and
respective significance Stot/
√
B for combined signal (pair + LQ single production). Results are for
an integrated luminosity of L = 300fb−1 and Type 2 signature.
presented separately. The data are presented for an integrated luminosity of L = 300fb−1.
One can see that scalar leptoquarks can be accessible at LHC up to masses . 1.2 TeV
while vector LQ for MC case can be discovered for masses . 1.5 TeV. LHC can exclude
LQ at 95% CL with masses about 200 GeV above 5σ discovery LQ limit, i.e. with masses
. 1.4 TeV and . 1.7 TeV for scalar and vector (MC) LQ, respectively.
Let us remind, that we have chosen LQ − l − q coupling λeff = e and contribution
from LQ single production rescales quadratically with this coupling. For other values of
λeff , the new LHC reach can be easily found by using LHC reach Tables 5 and 6. One
can see that Type 1 signature (2ℓ+ jets) looks more promising compared to Type 2 events
(2ℓ+ jets+ 6ET ).
One should notice that, for the chosen λeff , the contribution from LQ single production
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Figure 13: Invariant mass distribution of electron and jet for events of single and pair production
of scalar and vector leptoquarks for m = 500 GeV (upper left) and m = 750 GeV (upper right) and
m = 1000 GeV (below) for Type 2 signature.
is 30-50% to the total number of signal events for the LQ mass at the discovery limit.
Therefore, LQ single and pair production should be studied together at the LHC 2. The
complementarity of single and pair LQ channels is clearly illustrated in our final Fig. 14,
where we present scalar and vector leptoquark mass reach of the LHC in the (MLQ−λeff )
2Eventually, the case of single production of LQ of the second and third generations is qualitatively
different. In this case only pair LQ would give the major contribution to the signal rates, unless λeff is
too large (which might be not allowed by other experimental constraints) to enhance LQ single production,
suppressed due to initial sea-quarks PDFs.
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Figure 14: Leptoquark mass reach of the LHC at 5σ level for Type 1 and Type 2 signal signatures
for scalar (solid line) and vector (dashed line) LQ for an integrated luminosity of L = 300fb−1. For
vector LQ, the MC choice has been selected. The contributions of single and pair LQ signal are
combined.
plane. For example, for λeff = 1, LQ single production allows the extension of LHC reach
for MLQ by about 400 GeV!
5. Conclusions
In this paper, we present a new detailed study of LQ production and decay at LHC at the
level of detector simulation.
We treated LQ single and pair production together and have worked out a set of
kinematical cuts to maximize significance for combined single and pair production events.
It was shown, that combination of signatures from LQ single and pair production not
only significantly increases the LHC reach, but also allows us to give the correct signal
interpretation. Our results are summarized in Tables 5 and 6 and Figs. 14 and 15. In
particular, the LHC can discover LQ with a mass up to 1.2 TeV and 1.5 TeV for the case
of scalar and vector LQ, respectively (for λeff = e), and LQ single production contributes
30-50% to the total signal rate.
In this work, the most general form of scalar and vector LQ interactions with quarks
and gluons has been implemented into CalcHEP/CompHEP packages, which was one of
the primary aspects of this study.
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Figure 15: Scalar and vector leptoquark mass reach of the LHC for (MLQ−−λ) plane for LQ pair
production (dashed line) and for combined LQ single and pair production (solid line). Type 1 signal
reach contour is denoted by stars while Type 2 signal reach contour is marked by solid dots.
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